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a b s t r a c t

Over this one-year study, the variations of inorganic As species were examined monthly along the
salinity gradient of the Penzé estuary (NW France) in relation with different biogeochemical parameters.
In most cases, dissolved As exhibited a non-conservative behaviour which resulted from the competition
between two major processes. In the upstream section of the estuary, a strong input of both total
inorganic As and As(III) occurred. Then, the removal of the same species, under precipitation of iron
oxides/oxyhydroxides, was observed in the low-salinity range (S < 10). Using our experimental data, the
fluxes of the various As species were estimated for the first time in estuarine waters. Inputs from the
river were mainly constituted of particulate As (w70%). Conversely, dissolved species were predominant
in the net fluxes (w65%) and As(III) accounted for w15% of the dissolved net flux.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Like most trace elements, arsenic is mainly transported to the
marine environment by rivers through estuaries. Chilvers and
Peterson (1987) and Duce and Liss (1991) estimated the annual
world input through the streams as 10e60�104 T in dissolved form
and 80e180 � 104 T in particulate form. On the other hand, in the
estimation by Matschullat (2000), the contribution of dissolved As
was upgraded (60 � 104 T y�1) and outmatched the one of particu-
late As (20 � 104 T y�1). However, the uncertainties about arsenic
inputs from the rivers are still high, because the pre-cited estima-
tions do not take into account the physico-chemical processes that
can affect the distribution of this metalloid in estuaries.

A large number of studies have dealt with arsenic in estuaries.
Contrarily to some other elements, the behaviour of dissolved arsenic
strongly varies from one system to another. Conservative mixing has
been observed in several systems such as the Krka (Seyler andMartin,
1991), the Lena (Martin et al., 1993) or the Galway Bay (Anninou and
Cave, 2009). In general, these systems are free from industrial
inputs, have lowparticle loading and have lowarsenic concentrations
All rights reserved.
(under 5 nM) in the freshwater end-member (Featherstone, 1999).
Non-conservative behaviour has been also reported but removal of
themetalloid seemsmore frequently observed than addition. Arsenic
removal was observed in several European estuaries including Avon,
Humber, Tamar (Langston, 1983), Scheldt (Van der Sloot et al., 1985;
Andreae and Andreae, 1989) and Beaulieu River (Howard et al.,
1984). In these high Fe-loaded systems, As is strongly removed
under iron flocculation. In their study of the western Atlantic Ocean,
Cutter et al. (2001) also suspected the intense iron oxyhydroxide
scavenging for explaining the low concentrations observed in the
Amazon plume. Phytoplankton development can also induce deple-
tion of arsenic in estuarine waters. As an example, Featherstone et al.
(2004) reported for a Pseudo-nitzschiablooma removal of up to 60% of
the inorganic arsenic species in the high salinity section of the Huon
estuary. On the other hand, additions of arsenic were observed as the
result of release froms tidal mud flats and/or sediment resuspension
(e.g. Tamar and Gironde estuaries, Howard et al., 1988; Seyler and
Martin, 1990). When occurring on the salinity gradient, inputs from
industrial activities also lead to arsenic addition. In theTejoestuary for
example (Andreae et al., 1983), such inputs induced concentrations
closed to100nMatsalinity30which isapproximatelyfive totentimes
higher than the levels usually observed in coastal waters. Concen-
trations exceeding 1 mM were reported in few systems affected by
mining such as the Carnon/Retronguet estuary (Langston,1983; Hunt
and Howard, 1994) or the Tinto system (Sanchez-Rodas et al., 2005).
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Fig. 1. Study area and approximate position of the salinity gradient during sampling conditions (neap tide, low tide).

Table 1
Sampling dates and conditions; number in bracket for water discharge indicates the
variation of this parameter during the 3 days before sampling.

Sampling date Water discharge
(m3 s�1)

Tidal range (m) Temperature
(�C)

7-Jan 3.17 (D73%) 5.1 8.3e9.2
4-Feb 5.52 (�17%) 4.0 7.2e8.9
3-Mar 2.72 (þ2%) 2.3 9.6e10.1
1-Apr 4.38 (þ15%) 2.3 10.4e10.7
14-May 2.96 (D70%) 4.1 14.1e14.8
13-Jun 2.25 (�8%) 4.0 13.2e18.0
15-Jul 1.26 (�25%) 4.0 16.0e17.3
27-Aug 0.94 (�1%) 4.0 16.0e17.0
25-Sep 1.57 (þ4%) 4.1 12.0e15.3
23-Oct 1.39 (þ3%) 4.0 8.4e13.4
25-Nov 4.86 (D55%) 5.6 7.6e9.1
10-Dec 7.92 (�9%) 5.6 7.0e8.1
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If all these studies have provided an approach to certain
essential mechanisms that govern As behaviour, the nature and
density of the data reported in are sometimes limited and cannot be
considered as suitably representative of the variability of an estuary
(Michel et al., 1999). Indeed, very few studies have been conducted
along the seasonal cycles apart those by Knox et al. (1984) and by
Featherstone et al. (2004). In these two reports, the selected
systems were the Tamar (UK) and the Huon (Tasmania), respec-
tively. Because, the catchment area of the former has long been
associated with intensive refining of arsenic, and because As levels
in the latter are among the lowest reported anywhere, the
concentrations in these two systems are not representative of the
commonly encountered concentrations in estuaries.

The investigations reported here are concerned with the Penzé
estuary (Brittany, western channel), a small macrotidal system that
collects waters from an agricultural/poorly industrialised catch-
ment (Waeles et al., 2005a,b). During 2008, the changes of inor-
ganic As forms along the full range of the salinity gradient were
investigatedwith the objective to elucidate the estuarine behaviour
of the metalloid in relation with the different hydrological and
biogeochemical conditions. In this paper, we report the net fluxes of
the inorganic species (total and As(III)), which are considered to be
the most toxic forms, and the annual budget of arsenic within the
studied system is also presented.

2. Material and methods

2.1. Study area

The Penzé River (North Brittany, France) is 28 km long and has
a drainage area of 151 km2. The water discharge at the village of
Penzé generally fluctuates from 0.5 to 14 m3 s�1. The estuary is
situated between the village of Penzé and the Morlaix Bay, covering
a distance of ca. 10 km (Fig. 1). It is subjected to a macrotidal regime
as the tidal range fluctuates between 1.8 and 9.2 m. The residence
time of water within the estuary, which is highly dependent on the
tide and the river flow, varies between 2 days at spring tide and 13
days at neap tide and low discharge.
2.2. Sampling

Twelve cruises were conducted on a monthly basis along the
salinity gradient of the Penzé estuary over the year 2008. The
sampling conditions are summarised inTable 1. Eachmonth, at neap
tide, between the stand of tide and the first flood, water samples
were collected at 12 field stations between the village of Penzé and
the MorlaixBay. The 12 stations were selected with the aim of
covering the whole freshwatereseawater mixing zone. Approxi-
mate salinity at station Si was i. S0 was always situated at the Penzé
village in order to have a fluvial reference out from the turbid area
whereas the 11 remaining locations (S1, S2, S3, S5, S8, S11, S14, S17, S22,
S27, S34) were situated between the haline front (around 48�370N)
and the marine waters (above 48�410N). Sampling was performed
from a Zodiac inflatable boat with 500-mL and 1-L-HDPE-Nalgene�

bottles. Water was sampled by hand at ca. 0.5 m below the surface
with the arm fully covered with a plastic glove (92 cm, Polysem�).

2.3. Filtration

Because of the relative instability of As(III), on-site filtration and
preservation of this species is necessary (Sun et al., 1997).
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Immediately after sampling, a 125-mL aliquot of each sample was
filtered on-site with 0.45-mm syringe filters (25 mm, CME). This
aliquot was then spiked with 5 ppm of hydrazine dichloride
(N2H4$2HCl, puriss p.a., Fluka) to avoid the oxidation of As(III) and
stored at 4 �C until analysis of arsenite.

In the laboratory andwithin 2 h of sampling, the remaining non-
filtered water samples were passed through the following filters:

- 0.45-mm Millipore� HA filters were used to separate the dis-
solved fraction from the particles. Each membrane was intro-
duced inside a Teflon vial for further mineralisation and
determination of total particulate arsenic and lead concentra-
tions (PAs, PPb). The corresponding filtrate aliquot was acidi-
fied at pH 2 (HCl, suprapur�, Merck), and then store at 4 �C until
further analysis of total dissolved inorganic arsenic (Asi).

- 0.7-mmGF/FWhatman filters were used to collect and measure
particulate organic carbon (POC), chlorophyll-a (chl-a) and
phaeopigments. The filters used for POC were previously
ignited at 450 �C for 4 h and decarbonated by HCl fumes.
Phosphate (PO4

3�) was analysed on the resulting filtrates.

All filtrations and sample treatments are summarised in Fig. 2.
Prior to use, all the items employed for sampling, filtration and
sample storage were washed with diluted hydrochloric acid (pH 2,
HCl suprapur�, Merck), then rinsed with Milli-Q Element� water.
All filtrations and analyses were carried out in a class-100 laminar
flow hood.

2.4. Analyses of the dissolved arsenic species

The dissolved inorganic species of arsenic, i.e. total inorganic
arsenic (Asi) and arsenite (As(III)) were determined by stripping
chronopotentiometry (SCP) with a gold film electrode. This method
was developed in our laboratory and detailed in Vandenhecke et al.
(2007). Briefly, As(III) the electroactive species of arsenic, is reduced
in a first step to As(0) and simultaneous dissolved in the gold film by
applying a �300 mV (vs Ag/AgCl 3 M) potential for 150 s. During the
secondstep(stripping),As(0) is re-oxyded intoAs(III) byapplicationof
a1-mAconstant current. Fromthecorrespondingmeasured signal, the
quantification of arsenite is carried out by standard addition method
with three spikes for each determination. For Asi determination (on
original sample
500 mL or 1 L original sample

125 mL aliquot
+ 5 ppm N H .2HCl

On-site treatments Lab treatments

(within 2 hours after sampling)

0.45-µm
Filtration

(HATF Millipore)

0.7-µm 
Filtration
(GF/F Whatman)

0.45-µm
Filtration

(25 mm, CME)

stored at 4°C until
analysis (within 72 h)

125 mL aliquot
+ HCl (pH~2)

stored at 4°C
until analysis

100 mL aliquot

Analyses

POC, chl a,  
phaeopigments

stored at -20°C 
until analysis

PAs, PPb

PO4
3-

Asi

As(III)

Redox potential

Fig. 2. Diagram of the treatments used to separate and analyse the various parameters.
0.45-mm-lab filtrate), a pretreatment is required to reduce As(V) into
As(III) because the former species is electrochemically inert. This
prereduction was chemically achieved at 80 �C for 10 min by using
625ppmofpurified L-Cysteine (for biochemistry,Merck). Then, 5ppm
of hydrazine dichloride is added to stabilise As(III). The detection
limits forAs(III) andAsi are0.29and0.71nM(2.5and1mindeposition
time), respectively. For lower sample concentrations, deposition time
can be extended to the appropriate value. Analyses of Asi in an estu-
arine certified reference material (SLEW-2) gave a 10.3 � 0.4 nM
(n ¼ 5) concentration (certified value: 10.6 � 1.1 nM).

2.5. Analyses of PAs and PPb

Particulate metals were analysed for each month on samples S0,
S2, S5, S11, S17, S27 and S34. A PerkineElmer SIMAA 6100, equipped
with pyrolytic coated graphite tubes and working in the one
element monochromator mode, was used for atomic absorption
measurements. Samples were delivered to the furnace using
a PerkineElmer AS-800 autosampler. Samples were directly taken
from acid-washed cups. 5 mL of 1 g Pd, as Pd(NO3)2, was used as
chemical modifier. Determination of particulate As has been con-
ducted according to the method developed by Cabon and Cabon
(2000), the light source was an As EDL system 2 operating at
380 mA, using the 193.7 nm resonance line. For the determination
of Pb, the light source was a Pb EDL system 2 operating at 450 mA,
using the 283.3 nm resonance line. The inert gas was argon.

To determine particulate arsenic concentrations (PAs, Fig. 2),
7 mL of HNO3/HF (5:2) mixture was added to each of the filters.
Then, the Teflon vials were placed on a hot plate at 100 �C until the
acid mixture was evaporated. After repeating once more this
procedure, the samples were redissolved in 20%HNO3 and reheated
for 3 h at 100 �C. The aliquots were then diluted in 20 mL of
ultrapure water. Samples of 100-mg certified reference sediment
(PACS-2) and blank filters were treated following the outlined
procedure. In the case of arsenic, the recovery obtained for the
referencematerial was 96� 7% (n¼ 3). Blanks were less than 10% of
the lowest sample concentrations.

2.6. Other measurements

Salinity (S) and temperature (T) were in-situ measured with
a WTW ProfiLine LF 197 probe (�0.1 and 0.1 �C, precisions). Redox
potential (E) was measured with a combined Pt electrode with Ag/
AgCl/KCl (3M) as a reference system(�10mV,precision). Particulate
Organic Carbon (POC)was assessed using a ThermoQueste FlashEA
CHN analyser. Precision on POC quantification was about 5%.
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Chlorophyll-a and phaeopigments were extracted andmeasured by
Lorenzen’s method (Lorenzen, 1967) with an 8% precision. Phos-
phate concentrations were determined using the Murphy and Riley
(1962) method (�0.02 mM, precision).

3. Results and discussion

3.1. Seasonal variations of the hydrological and biogeochemical
characteristics

Fig. 3 illustrates the dailywater discharge of the Penzé River over
theyear 2008 and showsfluctuationbetween1.0 and12.3m3 s�1. On
few occasions, sampling was conducted under strong elevation of
the discharge (January, May and November, see also Table 1).

Biogeochemical variables were plotted against salinity for each
sampling campaign (Fig. 4a). POC concentrations were in the range
0.1e23mg L�1. The maximum concentrations were always found in
the low-salinity area and are linked to the accumulation of particles
close to the haline front. Such an accumulation of particles ensues
from the tidal asymmetry and is a common feature of macrotidal
estuaries (Jay andMusiak,1994; Brenon and LeHir,1999). According
to the variations of the chl-a-to-phaeopigments ratio, phytoplank-
tonic species in good physiological conditions were encountered
only in June in the downstream section of the estuary (S > 10).

The redox potential varied in the range 240e500mV vs SHE and
was usually high confirming that the Penze estuary is a well-
oxygenated system. However, one should note the occurrence of
suboxic conditions in autumn. Phosphate levels were in the range
0.04e2.94 mM. Concentrations in fluvial waters were generally
above 1 mM and decreased along the salinity gradient. Phosphate
had in all cases a non-conservative behaviour with a positive devi-
ation from linearity indicative of additions. These additions that
occurred in the low-salinity sectionwere attributed to releases from
thesediment. Indeed, according to the studybyAndrieux-Loyeret al.
(2008), phosphate inputs from the benthic compartment of the
Penzé estuary represent, on occasion, up to 50% of river loadings.

3.2. As behaviour during estuarine mixing

Variations of Asi and As(III) along the salinity gradient are pre-
sented for each month in Fig. 4b. For Asi, concentrations were in the
range 2.2e26 nMwith values being on the same order for fluvial and
marine end-members. Analysis of the Asi-salinity diagrams revealed,
for eachmonth, deviations from the theoretical dilution lines. At first,
there is generally an increase of the concentrations between S0 and
the haline front, with maximum levels encountered at S1 (February,
August,October, andDecember), S2 (March, June, JulyandSeptember)
or S3 (January, May and November). The increases of Asi in the range
2.9e22 nM compared to fluvial concentrations of 2.2e8.6 nM, were
thus particularly strong. The positive deviations from linearity asso-
ciated with these strong increases indicate inputs of the dissolved
element between the Penzé village (S0) and the haline front.

From the low-salinity arsenic maximum, concentrations of Asi
did not behave conservatively. A more or less pronounced negative
deviation is observed in the remaining gradient suggesting
a removal of the dissolved inorganic As species to the particulate
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phase. This removal, where present, appears to occur in the salinity
range ca. 2e10.

As(III) concentrations varied from 0.1 to 4.6 nM; this form rep-
resenting between 2 and 40% of the inorganic species. As for Asi, As
(III) behaved non-conservatively with a strong addition (increases
of 0e3.9 nM) between S0 and the very low-salinity area. At higher
salinities, As(III) concentrations decreased and a removal of this
form is also noticeable in the remaining salinity gradient.

As concentrations in particles (PAs) were in the range
3.3e56 mg g�1 (Fig. 4c). The highest concentrations were generally
observed in the inner estuary (salinity range 0e10) with values over
20 mg g�1. No clear trendwas apparent in this area although one can
suspect positive deviations in some occasions (April to August).
Above salinity 10, PAs levels decreased seaward, probably as the
result of mixing of particles of different nature/origin; the levels in
marine waters were generally under 10 mg g�1. PPb concentrations
(Fig. 4c) varied in the sameway with high levels being encountered
in the upstream part and decreasing concentrations from salinity
10 onwards.

3.2.1. Addition of dissolved As
Dissolved arsenic positive deviations in estuaries have been

interpreted as the result of various inputs. Inputs from pollutant
sources, mostly by industrial activities have been evidenced in the
salinitygradientof someestuaries: e.g. the Tejo (Andreae et al.,1983)
or the Scheldt (Van der Sloot et al., 1985). Because no industries are
present along the Penze system, such a cause of deviation can be
ruled out here.

Inputs of inorganic arsenic followingmineralisation of biological
material have been evidenced in the high turbidity zone (HTZ) of
the Seine estuary. According to their study, Michel et al. (2001)
indicated that this process was the result of As(V) pumping in
high salinity waters and further incorporation of the plankton
particles in the HTZ. In the Penze estuary, even in June when the
maximum of chl-a-to-phaeopigments ratio was observed (Fig. 4a)
no any removal of dissolved As that could correspond to phyto-
planktonic absorption of the metalloid was found. Moreover, our
results about PAs indicated that arsenic content in organic particles
does not exceed 6 mg g�1: This latter concentration was estimated
from a linear regression between PAs and PPb data which gave:
PAs ¼ 0.50 PPb þ 6.4, r2 ¼ 0.73, p < 0.01, n ¼ 84. Following the
hypothesis that particulate organic arsenic remineralization is total,
a 30e500 mg L�1 particulate organic matter concentration is
necessary for explaining the increase in dissolved As, which is far
beyond the observed POC concentrations (0.1e23 mg L�1).

The possibility of an As desorption from the particulate phase is
also poorly supported by the PAs data. Indeed, no any loss in As
concentration in particle corresponded to the strong inputs of
dissolved species.

As reported for many estuaries (Andreae et al., 1983; Knox et al.,
1984; Van der Sloot et al., 1985; Andreae and Andreae, 1989; Seyler
and Martin, 1990; Yao et al., 2006), inputs from the benthic
compartment appear to be the most probable source of dissolved As.
The studies by Andrieux-Loyer et al. (2008) and Lerat (1990) in the
Penze system showed that high phosphate andNH4

þ are also supplied
from the sediment. Because concomitant releases of NH4

þ/PO4
3� and

As were reported in interstitial waters of other systems (Knox et al.,
1984; Krom and Berner, 1986; Peterson and Carpenter, 1986; Mucci
et al., 2000) one can expect substantial As benthic fluxes injection
in the water column of the Penze estuary. It is worth noting also that
PO4

3� behaviour in the mixing zone (Fig. 4a) showed positive devia-
tions in the same area than Asi inputs in almost all cases.

The release of arsenic from sediment can occur in different steps
(Edenborn et al., 1986; Maher and Butler, 1988). At first, arsenic is
desorbed into porewaters following the reduction and the
dissolution of hydrous Fe or Mn phases. Then, the supply of metal-
loid into the overlying waters occurs through diffusion or through
compactation of sediments that forces porewaters upwards. It has
been suggested (Maher andButler,1988 and references therein) that
diffusion processes are probably limited in term of As release to the
water column because the redox boundary within the sediment
column acts as a barrier (As being readsorbed within the oxic sedi-
ment). However, surficial mixing of the sediment can overcome this
barrier thus explainingwhy importantAsfluxes fromsediment (and
large positive deviations) are observed in macrotidal estuaries (e.g.
Tamar estuary: Langston, 1983; Knox et al., 1984; Gironde estuary:
Seyler andMartin,1990;Michel et al., 2000 and Geum estuary: Byrd
et al., 1990). Enhancement of As mobilisation by biological activity
has also been demonstrated. According to the studies by Riedel et al.
(1987, 1989), burrowing organisms significantly affects distribution
and flux of arsenic from the sediments.

According to our data, inputs of dissolved As, probably from
sediments, release both As(V) and As(III) species. Increases of Asi
concentrations between S0 and maxima (S1, S2 or S3) were in the
range 2.9e21.7 nM (8.2 � 2.8 nM, CI95%, 0.05, n ¼ 12) whereas
increases of As(III) concentrations varied from 0.0 to 3.9 nM
(1.7 � 0.7 nM, CI95%, 0.05, n ¼ 12). Thus, the contribution of As(III)
in the increase of Asi throughout the studied year was 16� 5%. This
is in agreement with previous studies showing that both forms are
present in interstitial waters from coastal sediments. In these
studies, As(III) accounting generally for 5e30% of the total As
depending to the area of sampling (Andreae,1979; Knox et al.,1984;
Peterson and Carpenter, 1986).

The two significant increases of the As(III)/Asi ratio observed in
summer and at the end of autumn should be related to a strong
input of As(III) at these periods. An increase of the As(III) concen-
trations exceeding 2.0 nM in the water column was observed in
July, August, November and December. However, high As(III)/Asi
ratios in the Penze estuary are probably not only controlled by
benthic inputs but should also be related to the conditions that
contribute to stabilise arsenite. The reducing conditions reported at
the end of autumn over the whole estuary are in favour of As(III)
stabilisation. Other parameters that would influence stabilisation
or oxidation of As(III) are temperature, salinity, iodate concentra-
tion, light or bacteria composition (Cullen and Reimer, 1989;
Quentel et al., 2006 and references therein).

3.2.2. Removal of dissolved As
The absorption of dissolved As by phytoplanktonic species (i.e.

Pseudo-nitzschia) has been highlighted in the Huon estuary
(Featherstone et al., 2004) and suspected in the Pearl River estuary
(Froelich et al., 1985). In the Penzé estuary, such a mechanism is
hardly probable for explaining As elimination because the metal-
loid redistribution occurred in the salinity range 0e10 and was
observed at almost all seasons. In particular, during the June bloom
which took place in the salinity range 10e30, no significant
removal of dissolved As or increase of particulate As was observed.

The removal of dissolved As in our system is more probably
linked to the co-precipitation of As with iron oxides as a conse-
quence of pH and salinity increase as proposed by several authors
(Langston,1983; Howard et al.,1984,1988; Van der Sloot et al.,1985;
Elbaz-Poulichet et al., 2000). In the Penzé estuary, the precipitation
of iron at low salinities is a well-identified mechanism (Riso et al.,
2006) that is responsible for the removal of Pb by co-precipitation
(Waeles et al., 2007). The strong correlation observed between PAs
andPPb in thepresent study (PAs¼0.50PPbþ6.4, r2¼0.73,p<0.01,
n ¼ 84) indicates that co-precipitation of As with iron oxides is the
dominant process that removes the metalloid from solution in the
Penzé estuary. This process may also explain the positive deviation
occasionally observed for PAs in the salinity range 0e10.



Table 2
Linear regression of the apparent dilution line, number of points used, effective zero salinity end-member concentrations and daily net fluxes (�Confidence Interval at 95%
level).

Asi As(III)

Sampling date Q (m3 s�1) Linear regression n C00 � CI95% (nM) FS � CI95% (g d�1) Linear regression n C0
0 � CI95% (nM) FS � CI95% (g d�1)

7-Jan 3.17 Asi ¼ 0.032S þ 7.6 12 8 � 2 160 � 40 As(III) ¼ �0.0083S þ 0.89 12 0.9 � 0.3 18 � 8
4-Feb 5.52 Asi ¼ 0.087S þ 6.9 10 7 � 2 250 � 80 As(III) ¼ �0.0058S þ 0.49 8 0.5 � 0.3 20 � 20
3-Mar 2.72 Asi ¼ 0.033S þ 6.8 11 7 � 2 120 � 30 As(III) ¼ �0.0017S þ 0.34 7 0.3 � 0.2 6 � 4
1-Apr 4.38 Asi ¼ 0.16S þ 4.8 11 5 � 1 140 � 30 As(III) ¼ �0.024S þ 0.94 11 0.9 � 0.2 27 � 5
14-May 2.96 Asi ¼ �0.19S þ 12 11 12 � 2 230 � 50 As(III) ¼ �0.024S þ 1.1 6 1.1 � 0.1 21 � 4
13-Jun 2.25 Asi ¼ 0.010S þ 8.7 8 9 � 2 130 � 30 As(III) ¼ �0.0056S þ 1.9 11 1.9 � 0.3 27 � 5
15-Jul 1.26 Asi ¼ �0.12S þ 13 9 13 � 2 100 � 20 As(III) ¼ �0.0024S þ 0.97 5 1.0 � 0.8 8 � 7
27-Aug 0.94 Asi ¼ �0.22S þ 16 10 16 � 2 100 � 10 As(III) ¼ �0.015S þ 1.9 11 1.9 � 0.5 12 � 4
25-Sep 1.57 Asi ¼ �0.10S þ 11 11 11 � 2 110 � 20 As(III) ¼ �0.015S þ 1.2 10 1.2 � 0.5 12 � 5
23-Oct 1.39 Asi ¼ �0.006S þ 13 11 13 � 2 110 � 20 As(III) ¼ �0.020S þ 1.3 11 1.3 � 0.3 12 � 4
25-Nov 4.86 Asi ¼ 0.083S þ 13 11 13 � 2 410 � 60 As(III) ¼ �0.033S þ 1.4 10 1.4 � 0.5 40 � 20
10-Dec 7.92 Asi ¼ 0.016S þ 9.7 11 10 � 2 500 � 120 As(III) ¼ �0.039S þ 2.5 11 2.5 � 0.4 130 � 30
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Fig. 5. Fluxes of Asi and As(III) species in the Penzé estuary. White, black, grey and
striped bars correspond to FI (inputs from river), FA (addition within the estuary), FR
(removal) and FO (net fluxes to the coastal area), respectively.
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As (III) and Asi are both removed in the salinity range 0e10 sug-
gesting that co-precipitationwith ironoxides concernall As inorganic
species (V þ III). In the Tamar estuary, Knox et al. (1984) also noticed
the analogy betweendissolved Fe and As(III). However, these authors
do not exclude that As(III) removal occurred as an oxidation to As(V)
catalysed by hydrous manganese oxide. According to Mn behaviour,
this oxidative process should be particularly effective in the turbidity
maximum area and should produce low As(III)/Asi ratios in this area
compared to upstream ones. In the Penzé estuary, comparison of As
(III)/Asi ratios between S0 (Penzé village) and S1/S2 stations indicated
that no significant variations were observed within freshwater until
the maximum turbidity zone. At S0, As(III)/Asi was 11 � 4% (CI95%,
0.05,n¼12)whereasat S1 andS2,As(III)/Asiwere17�3%and14� 4%,
respectively.

The fact that dissolvedAs removalwas onoccasionnot obvious (in
particular in the case of April, September and October) should result
from the competition between As inputs from sediment and As
elimination by co-precipitation with iron oxides. Benthic inputs are
bound to occur over the area where fine particles settle
(48�36.2e48�38.0N, Tessier comm. pers) whereas As removal always
occurs at a given salinity range (i.e. 0e10). The neap tide conditions
thatwere chosen forour sampling are in favourofAsbenthic inputs in
areas covered by fluvial waters or by very low-salinity waters, thus
explainingwhydissolvedAsalongwasfirst added then removed.One
should anticipate that the two processes affecting As during its
transport seaward can be superimposed or occur in different order
according to the position of the salinity gradient.

3.3. Fluxes

Daily input and output fluxes of the As inorganic species were
estimated for the water column of the Penze estuary. They were
calculated by multiplying the daily river discharge Q with specific
concentrations; this is described as follows:

FI ¼ Q*C0
FO ¼ Q*C0

0
FA ¼ Q*ðCM � C0Þ
FR ¼ Q*

�
CM � C0

0

�

Inputs from the river (FI) were deduced from concentrations at
S0 (C0). Outputs to the sea (net fluxes, FO) were determined from
effective zero salinity end-member concentrations (C0

0) according
to Boyle et al. (1974) method by fitting a linear regression between
concentrations and salinity at the point where Asi and As(III)
species become conservative. The selection of the conservative area
is a critical step. Usually, it is determined in order to maximize the
correlation coefficient (e.g. Michel et al., 2000; De Gieter et al.,
2005; Yao et al., 2006; Dabrin et al., 2009). However, this
procedure is not satisfactory when little variations of the concen-
trations occur along the salinity gradient as in our systems: i.e. in
the case of mixing of water masses with very similar concentrations
of the considered element, even a strong linearity would result in
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poor correlation coefficients. Thus, the conservative area was
chosen in the case of this study in order to obtain the lowest 95%
confidence interval on each intercept (Table 2).

Dissolved As flux exchanges between sediment/particles and
water columnwere also assessed. Additions within the estuary (FA)
were deduced from the resulting positive deviations observed on
Asi and As(III) species. For each situation, the difference between
maximum concentrations (CM, that where found at S1, S2 or S3) and
S0 concentrations (C0) was used and any dilution effect was
neglected over this low-salinity range. Removal fluxes (FR) that
consist of As transfer to the particulate phase and the sediment
were obtained using the difference between CM and C0

0.
Fig. 5 describes the various daily input and output fluxes. Asi

inputs from the river varied between 32�1 and 244�10 g d�1 with
minimum amounts during summer months (JuneeOctober) and
maximum amounts in winter (especially in November and
December). Variations of thesefluxeswere relativelywell correlated
with that of water discharge (FI ¼ 18Q þ 21, r2 ¼ 0.94, p < 0.05) as
illustrated by Fig. 6. However, in periods of heavy precipitation
which resulted in high variation of the water discharge (i.e.
samplings of January, May and November, see Table 1), positive
deviations from this relation were observed (white squares). As
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Fig. 7. As budget of the Penzé estuary in neap tide conditions (fluxes in kg y�1).
*Although not directly measured, additions of dissolved inorganic As within the
estuary have been attributed to the benthic inputs which are the most probable.
mentioned byMichel et al. (2000) for the Gironde, additional inputs
of arsenic in the river may arise from the mobilisation of contami-
nated soil particles/sediments and the transfer of the metalloid to
the dissolved phase. The negative deviation observed in June (grey
square), that is usually the period of higher primary production in
Brittany rivers, could corresponds to phytoplankton uptake. As(III)
inputs fluctuated from 1.0 � 0.1 and 23 � 1 g d�1. Thus, the relative
importance of As(III) in the inorganic fluxeswas in the range 2e29%.

According to our estimations, Asi outputs to the sea varied from
100 � 10 to 500 � 100 g d�1 with minimum amounts in summer
and maximum amounts in winter. As(III) outputs were in the range
6� 4e130� 30 g d�1 and represented between 5 and 26% of the Asi
fluxes. It is worth noting than these net Asi and As(III) fluxes were
always higher than the fluvial inputs. Thus, the supply of dissolved
arsenic within the estuary (FA) always prevail its removal to the
particulate phase (FR).

This call into question the assumption that estuaries are a sink of
this metalloid (Maher and Butler, 1988; Cullen and Reimer, 1989;
Smedley and Kinniburgh, 2002). As a matter of fact, strong As
inputs from the sediment appear to be a common feature of the
macrotidal systems (Kitts et al., 1994; De Gieter et al., 2005; Yao
et al., 2006; Masson et al., 2009).

The annual budget of dissolved inorganic arsenic in the Penzé
estuary has been achieved (Fig. 7). The various input and output
daily fluxes were accumulated and extrapolated to one year. The
representativeness of the sampling in terms of water discharge
conditions was verified: the average discharge for 2008 was
3.3� 2.2 m3 s�1 (n¼ 365) whereas the average discharge for the 12
sampling campaigns was 3.1 � 2.1 m3 s�1 (n ¼ 12). Yearly partic-
ulate fluxes were estimated from the sediment budget of the Penzé
estuary (Verney et al., 2008) and from fluvial and marine average
PAs concentrations. Fluxes from the atmosphere were assessed
using the Austin and Millward (1986) study about atmospher-
icecoastal ocean exchange of particulate arsenic.

Our results showed that As was imported from the river mainly
as particulate, PAs flux accounting forw75% of the total flux. As(III)
species accounted forw10% of the dissolved flux and forw2% of the
total flux. Estimation of the net fluxes indicated that arsenic was
mainly exported (at w70%) as dissolved forms. The relative
importance of As(III) in the dissolved and total fluxes was w15%
and w10%, respectively. It was thus greater than that reported for
fluvial inputs. At this stage, it is worth noting, however, that our
estimations are reliable only for the sampled conditions (neap tide,
low tide). One can expect substantial differences not only in spring
tide conditions but also over the tidal cycle.

4. Conclusion

In summary, the behaviour of inorganic arsenic species in the
Penzé estuary is controlled by two processes that compete with
each other. The co-precipitation of themetalloid with iron oxides in
the salinity range 0e10 induces a removal of As(V) and As(III)
species whereas diagenetic phenomena, which are the most
probable to explain addition of dissolved As, contribute to the
release of both inorganic species to the water column. Estimations
of As fluxes between the different compartments of the system
illustrate the strong reactivity of this element; exchanges between
the water column and sediment/particles being on the same order
of magnitude as fluvial or net fluxes. Because addition dominates
over removal, arsenic, which is mainly imported in particular form
(w75%), is predominantly exported to the coastal area as dissolved
species (w70%); As(III), the most toxic species, represents approx-
imately 15% of the dissolved flux. Such a domination of benthic
inputs vs removal and thus elevated As fluxes to the coastal area
should be a common feature of the macrotidal systems. In these
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systems, surficial mixing of the sediment is able to overcome the
redox barrier and thus to reintroduce the metalloid as dissolved
compounds in substantial amounts. However, this assumption
needs to be confirmed in other systems; in particular, in estuaries
that are more representative, in term of water discharge, of the
global scale. In nontidal/microtidal sytems, one can expect, on the
contrary, that arsenic is rather trapped into the particulate phase,
but this needs also to be further investigated.
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